The US Department of Defense requested that the Advisory Committee on Immunization Practices-Armed Forces Epidemiological Board joint Smallpox Vaccine Safety Working Group define the likelihood that smallpox vaccination played a causal role in the fatal illness of an Army reservist. Reported serious adverse events for which there was no a priori reason to discount the existence of a causal association with smallpox vaccine were reviewed to assess whether they were signals of constellations of vaccine-associated adverse events. A causal relationship between the immunization experience and the index patient's death was favored, but the implication of an individual vaccine was precluded. No new smallpox vaccine-associated clinical syndromes were identified. The data supported neutrality regarding the hypothesis that dilated cardiomyopathy was causally associated with smallpox vaccine-induced myocarditis. This review of sentinel cases augmented the ongoing safety review process and was transparent, but it shares limitations with other case-based causalityassessment methods.
health care and public health workers who might serve as members of smallpox response teams.
In January 2003, the Institute of Medicine (IOM) Committee on Smallpox Vaccination Program Implementation recommended the establishment of an independent external review board charged with Data and Safety Monitoring Board-like responsibility for safety oversight of the US National Smallpox Pre-Event Vaccination Program [1, 2] . A joint Smallpox Vaccine Safety (SVS) Working Group (WG) of the Centers for Disease Control and Prevention's (CDC) Advisory Committee on Immunization Practices (ACIP) and the DoD's Armed Forces Epidemiological Board (AFEB) (henceforth referred to as the "SVS WG") was created to meet this need.
On 4 April 2003, a young, previously healthy female Army reservist died of an unexplained illness. During the week of 2 March, she had received multiple vaccinations, including vaccines to prevent smallpox, typhoid, anthrax, hepatitis B, and measles, mumps, and rubella, as routine preparation for deployment. After vaccination, she experienced onset of an unexplained illness with a progressively deteriorating clinical course [3] . Autopsy and extensive review by clinicians at Walter Reed Army Medical Center and through the CDC's Unexplained Deaths Project [4] failed to define the illness etiology.
Faced with similar challenges of unexplained illness after anthrax vaccination in the military, the DoD had requested that an independent civilian panel be created to help assess the likelihood of a causal relationship between anthrax vaccination and these illnesses [5, 6] . In response, the Division of Vaccine Injury Compensation, Health Resources and Services Administration, DHHS, which conducts similar causality assessments for adverse events after routinely recommended childhood vaccinations, organized the Anthrax Vaccine Expert Committee [5, 6] . In April 2003, the Assistant Secretary of Defense (Health Affairs) requested that the SVS WG develop a similar process to assess the likelihood of a causal relationship between smallpox vaccination and the death of this Army reservist (the "index patient").
Whenever an adverse event follows a medical intervention, the question of whether a causal relationship exists between the 2 arises [7, 9] . In pharmacovigilance, case reports of adverse events in persons exposed to medical products are reviewed systematically, and the degree of certainty that a causal relationship exists between product exposure and the adverse event is classified [9] by experts in immunization safety. Historically, various methods ranging from global introspection to branched logic tree algorithms to Bayesian analysis [10] [11] [12] [13] [14] have been used to improve the ability to make causal inferences about the relationship between a specific exposure and subsequent adverse events.
Rarely, an adverse event can be definitively causally linked to a prior exposure or intervention by virtue of the presence of a pathognomonic laboratory or clinical finding (e.g., isolation of vaccine strain virus) [15] . Occasionally, responses to dechallenge or rechallenge may reinforce the likelihood of causal relationship [16] . However, most adverse events do not have such unusual features permitting easy conclusions regarding causality [15] . In the absence of such findings, wellconducted clinical trials or epidemiologic studies that demonstrate a significantly increased rate of the adverse event among persons who have experienced that exposure, compared with that in control populations, combined with fulfillment of several tenets of causal relationship first outlined by Hill [17] , are needed. Because most adverse health outcomes are multifactorial in etiology, even when an elevated risk for an adverse event among vaccinated persons can be demonstrated at the population level, uncertainty remains about whether such a causal relationship exists in a specific individual instance if no pathognomonic conditions are present.
Review of case reports is most useful for identifying adverse events that may signal a previously unrecognized causal association between vaccination and adverse event syndromes that can be evaluated in future studies. Furthermore, identification of adverse event signals is better achieved by reviewing case series, rather than individual reports, and is best accomplished by universal systematic review of all similar or related reports [7, 8, 15, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
The CDC coauthors of the present article (L.E.C., J.K.I., and R.T.C.) reviewed historical approaches to and expert critiques of causality-assessment methods, as well as the experiences of the Anthrax Vaccine Expert Committee [5, 6] , Health Canada's Advisory Committee on Causality Assessment [18] , and the IOM Immunization Safety Review Committee [7, 8, 19] . They noted that a causality-assessment exercise could not determine whether smallpox vaccination played a causal role in the index patient's death, because pathognomonic findings, epidemiologically demonstrated statistical associations, and challenge/ rechallenge observations were all absent.
Further, the inherent conditions necessary for assessing causal relationships between smallpox vaccine and reported adverse events for other vaccines are missing for most Vaccine Adverse Event Reporting System (VAERS) reports [7, 8, 15, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . VAERS is a passive reporting system for adverse events following vaccination, operated jointly by the CDC and the US Food and Drug Administration (FDA). VAERS served both the CDC and DoD as a principle surveillance tool for identification of adverse events following smallpox vaccination.
Additionally, extensive CDC and DoD systems for prospective monitoring of smallpox vaccination-associated adverse events already in place [2, 29, 30] had been sensitive enough to identify previously underrecognized smallpox vaccine-associated adverse events [2, 29, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Rereviewing adverse event reports previously reviewed under this safety oversight system as part of a causality-assessment exercise would be an unjustifiable use of resources, duplicating efforts while contributing marginal gain. One alternative, superimposing a limited causality-assessment exercise on the existing safety review process, would lose the value of universal uniform review.
The CDC concluded that a traditional causality-assessment exercise could not determine whether smallpox vaccination played a causal role in this death. Instead, the specific review needs raised by this case would be best served by augmenting the existing prospective safety review process with a systematic retrospective case review process designed to identify adverse events of unusual nature, severity, or frequency ("sentinel cases"). Whether these sentinel cases were signals of unrecognized vaccine-associated syndromes could be clarified through systematic critical review of data that supported or refuted a causal relationship. The SVS WG and the Assistant Secretary of Defense (Health Affairs) concurred.
The present article describes the Sentinel Case Review Process for Signal Clarification (henceforth referred to as the "Sentinel Review Process") developed at the CDC and used by the SVS WG to assess the significance of the index patient's death and other adverse events identified after smallpox vaccination conducted between December 2002 and June 2004. This process adapted and incorporated lessons from the Anthrax Vaccine Expert Committee [5, 6] , the Advisory Committee on Causality Assessment [18] , and the IOM [7, 8, 19] . It also benefited from published critiques of prior causality-assessment efforts and specific critiques offered by expert consultants during our process development [5] [6] [7] [8] [18] [19] [20] [21] [22] [23] [24] [25] [26] . This process was intended to meet the needs of the US smallpox vaccination program at a specific point in time, rather than to serve as a general model for adverse event signal clarification or for vaccine safety case assessment. The present article also summarizes the clinical cases reviewed by the SVS WG using this Sentinel Review Process and the outcome of these independent deliberations.
METHODS

Smallpox Vaccine Adverse Events Monitoring and Response System
The extensive prospective monitoring of adverse events for the US National Smallpox Pre-Event Vaccination Program has been described elsewhere [2, 29, 30, 42] . In brief, reports received through VAERS [43] [44] [45] , the CDC Clinician Information Line [4, 42] , DoD health care providers, or by other means were reviewed and systematically categorized according to case definitions [2] . Per federal regulations, VAERS reports are classified as "serious" if the reported event resulted in hospitalization, permanent disability, life-threatening illness, or death [43] [44] [45] . Summaries of total VAERS reports, "serious" reports, and reports fitting case definitions received between 16 
ACIP-AFEB SVS WG
The SVS WG functioned as a joint working group of the CDC's ACIP and the DoD's AFEB and was composed of health profession content experts (Appendix A). The SVS WG reported directly to the ACIP and through it to the director of the CDC, issued regular reports to the AFEB and through it to the Assistant Secretary of Defense (Health Affairs), and consulted with the IOM committee. The ACIP-AFEB joint SVS WG was supported by the CDC National Immunization Program.
A task force of medical epidemiologists reviewed medical records and studied reports of individual sentinel events (including all deaths) for evidence of temporal clustering after vaccination and for increases in observed rates relative to background. During weekly teleconferences with the SVS WG, the CDC and DoD provided results from these investigations and ongoing analyses of summary data for review. Analyses were made available to the public through publication, presentation at appropriate scientific forums, and reports to the ACIP during 3 open public meetings annually (http://www.cdc.gov/nip/ ACIP/default.htm), and, when needed, an emergency teleconference meeting of the ACIP [2, 31] .
Sentinel Case Review for Signal Clarification
CDC staff conducted a systematic retrospective review of all serious adverse events after smallpox vaccination that were reported to VAERS, to identify sentinel cases that might represent signals of unrecognized causal association between vaccination and clinical adverse events. The SVS WG then examined these sentinel cases in depth to clarify, as much as possible, potential associations between these sentinel cases and the smallpox vaccine.
Identification of sentinel cases and potential clusters for review. In 2003, VAERS reports were systematically organized using the Coding Symbol for Thesaurus of Adverse Reaction Terms (COSTART) codes [43] [44] [45] [46] . A frequency analysis of COSTART codes associated with all VAERS reports involving smallpox vaccine was conducted, seeking patterns suggestive of vaccine-associated syndromes (e.g., temporal clustering and apparent increases above background rate). Reported events that did not meet the VAERS "serious" criteria but that might represent the less-severe end of a spectrum resulting in disabling or life-threatening disease were also reviewed. Lastly, CDC immunization safety staff used established statistical techniques to detect adverse event clusters and used "signal-detection techniques" to seek additional cases appropriate for review [47, 48] .
Identified sentinel cases were organized in 6 categories (table 1) as follows: Category 1 includes events etiologically associated with smallpox vaccine by pathognomonic clinical or laboratory findings (e.g., progressive vaccinia, eczema vaccinatum, fetal vaccinia, inadvertent inoculations, and contact transmissions). Most dermatologic conditions reported to VAERS were included in this category. Category 2 includes events etiologically associated with smallpox vaccine through statistically significant epidemiologic studies (e.g., myocarditis and/or pericarditis [hereafter referred to as "myo/pericarditis"]). Category 3 includes events and syndrome clusters already extensively reviewed by the SVS WG or designated experts, about which determinations regarding causality had been reached (e.g., all possibly cardiogenic events, including ischemic cardiac events, hypertension, dysrythmias, and nonspecific chest pain, as well as dermatologic conditions reported to VAERS that lacked pathognomonic findings and therefore did not qualify for cate- All other adverse events Self-explanatory gory 1). Category 4 includes events for which an a priori reason to discount association existed. Deaths and hospitalizations due to trauma or injury and other events with an established diagnosis independent of vaccination, such as appendicitis and cholecystitis, were included in this category. Category 5 includes all neurological adverse events. Category 6 includes all other adverse events. Events in categories 1-4 were reviewed, reported separately [2, [32] [33] [34] [35] [36] 42] , and excluded from the Sentinel Review Process because causality ascertainment was complete. Events in category 5 were referred to a neuroepidemiologist for prereview and are reported separately [49, 50] . Dermatologic conditions, including generalized vaccinia, were also reviewed and reported separately [51, 52] . Only events in category 6 were reviewed by the SVS WG using the Sentinel Review Process and summarized herein.
Review subgroups. Subgroups of the SVS WG were assigned to review the following category 6 sentinel events: subgroup A, previously unreviewed deaths; subgroup B, clinical syndromes characterized by chest pain, dyspnea, and fever; and subgroup C, dilated cardiomyopathy (DCM). The goals were to assess evidence supporting or refuting the likelihood that the identified individual cases represented varying manifestations of a common syndrome and that identified cases or syndromes might be causally associated with vaccination. The outcomes of these subgroup reviews were brought to the whole SVS WG for critique and concurrence.
Sentinel Case Pre-Review, Re-Review, and Cluster Assessment Forms were created for the purpose of this review process (Appendices B-D). These forms were used to ensure a systematic thought process and to facilitate the development of written reports. Language adapted from the Anthrax Vaccine Expert Committee, the Advisory Committee on Causality Assessment, and the IOM's review processes was incorporated into these forms [5, 6, 18, 19] .
Government physicians who were not members of the SVS WG collected and collated relevant medical information and completed a Sentinel Case Pre-Review Form (Appendix B) for each case. The members of the SVS WG (identified in Appendix A, all of whom are private-sector independent experts) signed appropriate nondisclosure agreements and received all unredacted medical and other relevant records as well as the completed Sentinel Case Pre-Review Forms. The SVS WG members independently reviewed all records and completed a Sentinel Case Re-Review Form (Appendix C) for each case and 1 Syndrome Cluster Assessment Form (Appendix D) for each subgroup. Each SVS WG subgroup reported conclusions from deliberations on the cases under its review. The SVS WG chair led all subgroup deliberations, the overall SVS WG critique, and the finalization of all reports and identified nonconcurrence among subgroup reviewers or during the overall SVS WG review in the final reports. A CDC medical epidemiologist coordinated subgroup review processes but did not participate during report finalization, to ensure that these reflected the independent opinions of the reviewers.
The review included sentinel case patients who had been vaccinated by both the DHHS and DoD. The SVS WG chair provided a written report of each subgroup's Sentinel Review Process findings with SVS WG commentary directly to the chairs and executive secretaries of the parent advisory committees (ACIP and AFEB). These reports with ACIP and AFEB responses were then provided to the DHHS and DoD for review and confidentially shared with other appropriate parties. After release, reports were available to the public through a DoD Web site.
RESULTS
As of 6 August 2003, 1767 adverse events temporally associated with smallpox vaccination had been reported to VAERS. More than 90% of these reported events, including all events potentially belonging to the spectrum of adverse events causally associated with smallpox vaccination (categories 1-3 and a subset of reports in category 5), had undergone extensive review by government medical epidemiologists in consultation with outside experts. The outcomes of these reviews had been previously presented to the SVS WG and are not discussed here. Below, we discuss the outcome of SVS WG independent deliberation using the Sentinel Review Process.
Subgroup A: Unreviewed Deaths-Report Released 7 November 2003
Ten fatal events temporally associated with smallpox vaccination were reported to VAERS. For completeness, all 10 fatal events reported to VAERS are included in table 2.
Five deaths due to autopsy-confirmed ischemic cardiac disease had been extensively examined during an investigation of ischemic cardiac events among recent smallpox vaccinees. The evidence did not support an increased rate of ischemic events among recent vaccinees, compared with the expected background rate. These 5 deaths were excluded from the Sentinel Review Process because no benefit would be gained by further review.
Three previously unreviewed deaths were attributed to leukemia, hyperthermia, or illicit drug overdose (table 2) . In each instance, the cause of death was clearly documented by laboratory testing or temperature measurement and was supported at autopsy. The medical records and other documentation available for review were complete and sufficient in each instance, and the evidence favored rejection of a causal relationship between vaccination and any of these 3 deaths. Only the third (illicit drug overdose) underwent the formal Sentinel Review Process (table 2) .
A fatal pulmonary embolic event had been reported to VAERS prior to 6 August 2003 and was reviewed by the SVS WG through a less formal process. Key portions of the medical records for this pulmonary embolic event, including the medical history at the time of illness onset and records describing personal medical history prior to deployment, were not available for review. However, results of an extensive and welldocumented postmortem examination were available to the reviewers. This postmortem examination documented pulmonary emboli arising from a deep venous thrombosis in the leg as the cause of death, as well as evidence of a heterozygous state for factor V Leiden mutation R506Q, which is associated with a propensity for a hypercoagulable state. This case did undergo the formal Sentinel Review Process, performed by subgroup A, and the available records were considered to be sufficient to support the conclusions drawn. Multiple risk factors for hypercoagulable states were identified and were judged to be convincingly responsible for the outcome. No evidence implicated either smallpox or anthrax vaccine in the onset of deep venous thrombosis that led to the fatal pulmonary embolic event.
The 10th fatal event, the death of the index patient that initiated the Sentinel Review Process, prompted a search for cases that might constitute an unrecognized syndrome characterized by chest pain, dyspnea, and fever and was referred to subgroup B.
In conclusion, 4 deaths attributable to leukemia, hyperthermia, illicit drug overdose, or pulmonary emboli were reported to VAERS after vaccination, but all appear to be unrelated to either each other or to any vaccine exposure. The evidence favors rejection of a causal relationship between vaccination and any death reported to VAERS in temporal association with smallpox vaccination among those reported in table 2, with the exception of the index patient reviewed by subgroup B below. An analysis of VAERS reports searching for the COSTART terms "fever" AND "chest pain" AND "dyspnea" identified a total of 13 reports. Four of these were referred to subgroup C for the Sentinel Review Process. One identified event was a myocardial infarction included in the previous extensive review of ischemic adverse events, for which no etiologic association with smallpox vaccination was demonstrated. An additional 4 events were cases of myocarditis. Causal association between smallpox vaccination and myo/pericarditis had been established [32] . The remaining 4 instances of illness of undefined etiology charac- terized by chest pain, dyspnea, and fever, with 1 fatality, were reviewed by subgroup B and are described in table 3. Summary consensus. The reviewers concluded that the medical records available for review were complete and sufficient for all cases. It was the consensus of subgroup B that, although some of these cases share common signs and symptoms, they do not present a pattern that justifies recognition of a new possibly vaccine-associated clinical syndrome apart from the inflammatory syndrome already recognized as myo/ pericarditis associated with smallpox vaccination.
Patient 1: a woman 40-60 years of age hospitalized with chest pain, shortness of breath, new-onset hypertension, and tachycardia 2 days after vaccination. All reviewers found that the evidence favored rejection of a causal relationship.
Patient 2: a woman 160 years of age with palpitations and loss of consciousness 5-6 days after vaccination, diagnosis of new-onset atrial fibrillation, congestive heart failure, and hypertension 2 months after vaccination. The interpretation of this case was confounded by the patient's having received anthrax vaccination on the same day as the primary smallpox vaccination. Two reviewers felt that the documented medical condition, atrial fibrillation, was highly unlikely to be caused by the smallpox vaccination and, thus, favored rejection of a causal relationship. The patient had preexisting medical conditions associated with increased risk for atrial fibrillation, and atrial fibrillation had not been associated with receipt of either anthrax or smallpox vaccine either historically or during the current military experience. Furthermore, because the initial self-reported episode of palpitations 19 days after vaccination was not medically evaluated or documented, these reviewers felt that the documented onset of atrial fibrillation 130 days after vaccination was not compatible with a causal association due to the extended latency of symptom onset.
The third reviewer felt that the evidence could not exclude a causal relationship. The initial symptoms were reported by the patient within 6 or 19 days of vaccination, which falls within the 1-3-week postvaccination interval associated with elevated risk of myo/pericarditis. The patient's comorbid conditions could be implicated in the etiology of the atrial fibrillation. Therefore, a causal relationship between the receipt of the vaccine and the atrial fibrillation could not be excluded.
Patient 3: a woman 40-60 years of age who presented to the emergency department 3 days after vaccination, with chest pain, anxiety, tachycardia, and dyspnea on exertion. Although all reviewers agreed that the vaccination-event interval was compatible with an association between smallpox vaccination and the clinical events that followed, nevertheless, the evidence was inadequate to accept or reject a causal association between smallpox vaccination and the clinical outcome.
Patient 4, the index patient: a woman !30 years of age with onset, on day 2 after vaccination, of continuous, progressive symptoms suggestive of fulminate lupuslike syndrome that resulted in death 15 days after vaccination. The analysis of this case was complicated by the highly complex clinical presentation encompassing multiple signs and symptoms rather than one predominant symptom. Further, assessing attribution of causality was complicated by the history of concurrent immunizations, in addition to purified protein derivative placement. The primary adverse events reported occurred rarely; similar events were known to occur in association with other diseases. The patient had not had similar symptoms in the past. In fact, no concomitant or preceding medical conditions or other contributing factors were identified during the review. The vaccination-event interval was compatible with an association between the immunization experience and the clinical events that followed, and pericarditis has been described in association with smallpox vaccination. However, the entire spectrum of disease experienced by this patient has not been described in association with any vaccine. In addition, the multiplicity of clinical events, as well as the concurrent immunizations received, confounded assessment of this case. There were too many symptoms, too many concurrent exposures, and insufficient information to allow a simple direct answer to the question of whether this event could be related to any 1 vaccine. Similarly, the data were insufficient to allow assessment of whether the event was explainable by the biological properties of any vaccination received. The available evidence was insufficient either to definitively establish or to definitively reject a causal association between smallpox vaccination and the clinical outcome. The consensus of the reviewers was that the weight of the evidence favored acceptance of a causal relationship between the immunization experience and the disease. However, the history of concurrent immunizations precluded specific implication of smallpox or any other individual vaccine.
Subgroup C: Dilated Cardiomyopathy-Report Released 2 February 2004
Two cases of DCM first diagnosed after vaccination and previously reviewed by the SVS WG were initially identified for systematic sentinel case review. Prior to completion of the Sentinel Review Process, an additional 3 cases of DCM were identified. These 5 cases underwent a formal sentinel case review, are described in subgroup C's narrative report below, and are those of the first 5 patients described in table 4. Two additional patients with DCM identified after the Sentinel Review Process was complete are also included in table 4.
Subgroup C reviewed 5 smallpox vaccine recipients who subsequently developed DCM. Each patient had у1 risk factor for cardiac disease, none of which appeared, in the opinion of the group, likely to represent a primary etiologic factor for the cardiomyopathy. Several patients did have prior illnesses that can lead to myocardial dysfunction: obesity and borderline hypertension in one; hypertension, hypercholesterolemia, and diabetes in a second; borderline hypertension and mild proteinuria in a third; childhood asthma, emphysema, and minimal alcohol use in a fourth; and mitral valve prolapse in a fifth (table 4) . However, these illnesses and conditions are common in the general population in this age group, and none appeared to be severe enough or long-standing enough to account for the development of DCM. The 5 clinical courses varied in the type of symptoms, the timing of the onset of relevant symptoms or of diagnosis of DCM after smallpox vaccination, the clinical course after diagnosis, and the evidence of recovery to date. Some have improved considerably and appear likely to recover completely, whereas 2 developed markedly symptomatic heart failure with no sign of recovery and underwent successful cardiac transplantation. The other cases had a more benign and self-limited course. Variability in clinical course is common among patients who develop DCM from any cause.
The documentation of DCM occurred 30-163 days (mean, 106 days; median, 99 days) after vaccination. However, patients had frequently reported symptoms prior to this documentation, including fatigue and dyspnea. The earliest symptoms noted in the materials available for review that were potentially referable to a cardiac cause were described as occurring 5-141 days (mean, 35 days; median, 9 days) after vaccination. However, the history was very limited for some patients, and symptoms may have occurred earlier in some without documentation. A number of patients reported symptoms that could have reflected preexisting myocarditis-for example, chest pain (table  4) . At least 1 patient had evidence of elevated troponin levels, suggesting an active myocarditis at the time of onset of DCM. The others lacked this finding, but this may be due to variability in testing at the time of onset of symptoms or to the possibility that asymptomatic myocarditis preceded the symptoms of DCM. None of these patients had ever had cardiac symptoms prior to vaccination. Although 3 of these patients received simultaneous vaccinations, 2 did not, which suggests that the multiplicity of simultaneous immunizations per se was not etiologically implicated in this clinical outcome.
In all cases, diagnostic testing had been performed to determine whether ischemia could be a cause of the DCM. Four of the 5 patients underwent cardiac catheterization, and the fifth underwent an adenosine pharmacologic stress test (table  4) . In no instance was sufficient coronary artery disease identified to suggest ischemia as a cause of DCM. One patient had normal coronary arteries, and 3 had no more than minimal irregularities of the coronary arteries, with no obstruction. The adenosine stress test was negative for ischemia.
Despite the clinical variability among the individual cases, these 5 patients all had cases of DCM; therefore, their conditions represented a common syndrome. There are multiple known causes of DCM, and it is frequently not possible to definitively identify a specific cause of DCM in individual cases, as in these 5 cases. The available evidence is presently inadequate to accept or reject a definitive causal association between the smallpox vaccine and this clinical outcome. However, this cluster group does present a pattern of 5 reasonably healthy people who, within a period after smallpox vaccination that is both temporally and mechanistically compatible with an etiologic association, developed DCM, a documented outcome of myocarditis. (Of note, none of these 5 persons or of the additional 2 described in table 4 had received diagnoses of myocarditis prior to the diagnosis of DCM.) These observations suggest a possible causal association between smallpox vaccination and DCM that is worthy of further study. Observations, including epidemiologic evidence, have documented a statistically significant excess of myo/pericarditis among recent recipients of the smallpox vaccine [32] [33] [34] [35] [36] [37] . However, to date, DoD data suggest no progression from myocarditis to DCM in the 84 cases followed for a median interval of 15 months. Although this is reassuring, symptoms of DCM following subclinical myocarditis may not be clinically apparent for many months. There are no published data regarding pathognomonic findings, positive challenge/rechallenge observations, or epidemiologic evidence of statistically significantly elevated rates of DCM among smallpox vaccinees, compared with comparable but nonvaccinated persons in the general population. On the basis of data reported to VAERS as of 30 December 2003, if there is an association between smallpox vaccination and the development of DCM, it would appear to be infrequent, in the range of 3 cases of DCM per 40,000 civilian vaccinees at 1 year of follow-up. Because there is not active follow-up of all vaccinees, it is not possible to be certain that all cases have been ascertained by this passive reporting system. The integrated health system for military personnel has identified 4 cases of DCM among 710,000 military vaccinees, with a median interval of 18 months elapsed since vaccination.
Without further evidence, the data remain insufficient to move clearly away from neutrality to favor or reject a causal association between smallpox vaccination and DCM. Idiopathic cardiomyopathy is a rare event, making it hard to determine true statistical association. Epidemiologic data assessing the statistical frequency of DCM among smallpox vaccinees, compared with the usual baseline rate of DCM observed in this population without vaccination, would be valuable, but the expected rate of DCM in a population of this age range is unknown. This is the missing evidence that could move opinion toward or away from neutrality, if it were sufficiently different from what has been seen among smallpox vaccinees, but it is not available at present.
There are biological mechanisms supporting the hypothesis that an association exists between smallpox vaccination and DCM, possibly via intervening myocarditis, and this should continue to be evaluated. A history of smallpox vaccination should be sought in all cases of apparent idiopathic DCM, and symptoms that may represent DCM in smallpox vaccinees should be vigorously investigated, regardless of the duration that has passed between vaccination and onset of symptoms. If subsequent epidemiologic evidence suggested that the occurrence of this number of cases within this period after vaccination exceeded the usual range by statistically significant amounts, this evidence would favor acceptance of a causal relationship with smallpox vaccination. If we are to continue to vaccinate substantial numbers of individuals, consideration should be given to supporting further epidemiologic studies to evaluate the possible association between smallpox vaccination and DCM.
Note. After the DCM Sentinel Review was completed, 2 additional cases of DCM in smallpox vaccine recipients were identified. These are the last 2 patients described in table 4 and do not change the conclusions of this review.
DISCUSSION
This Sentinel Review Process is a new method for case-based assessment of adverse events following immunization. It met the needs of the DoD and CDC for review of cases of special concern and had several additional strengths. It provided a forum that allowed multiple experts to independently assess the likelihood that the most concerning adverse events reported during this vaccination program bore a causal relationship to the vaccine. It provided discussion of these conclusions in an open, transparent forum through presentations by the chair to the ACIP. Most significantly, it provided the best determination possible of the degree of confidence that the family members of these patients, the general public, and future vaccinees can place in the likelihood that smallpox vaccination contributed to the observed adverse clinical outcomes. Findings were shared with multiple interested parties, including the families of affected individuals.
This Sentinel Review Process identified no pattern that justified recognition of a new possibly smallpox vaccine-associated clinical syndrome. Although identified biological mechanisms support a hypothesized causal association between smallpox vaccination and DCM via intervening myocarditis, subgroup C reviewers determined that the data remain insufficient to support any action other than maintaining a stance of neutrality regarding such a causal association. They did encourage further observation to assess the possibility of linkage.
DCM, recognized among smallpox vaccine recipients at an estimated rate of 3 cases per 40,000 vaccinees, was judged to be "infrequent." However, Rotashield (Wyeth), an earlier rotavirus vaccine, was withdrawn from the US market on the basis of an incidence of intussusception of ∼1 case per 10,000 vaccinees. Thus, were evidence supporting a causal association to be identified, the rate at which DCM was recognized among smallpox vaccine recipients is similar to rates of vaccine-associated adverse events judged to merit regulatory action in the past. The decision to take regulatory action in response to the linkage of adverse events to pharmaceutical products is complex, however. The frequency with which the adverse event follows exposure is only one influence, inadequate by itself to define appropriate action, because the relationship between risk and benefit differs among products.
This review suggested a need to look at the biological response of adults to concurrent exposure to multiple immune stimulants, such as vaccines, as a potential risk factor for rare serious adverse events [53, 54] . A working group of the National Vaccine Advisory Committee independently identified as a priority the investigation of the possibility of health risk associated with multiple concurrent vaccinations of adults [53, 54] . A CDC Vaccine Analytic Unit investigation of whether concurrent vaccinations (12 vaccinations on consecutive days) are associated with hospitalization found no evidence of elevated risk for hospitalization even among US military personnel who received у5 concurrent vaccinations [54] . The index patient in this review received multiple immunizations within a short period, followed by onset of a rapidly progressive, clinically complex, and ultimately fatal illness characterized by chest pain, dyspnea, and fever. Acceptance of a causal relationship between the immunization experience and this disease was favored, but the history of multiple simultaneous immunizations precluded specific implication of any individual vaccine.
Limitations of this Sentinel Review Process are shared with other case-based methods of causality assessment. As with all nonepidemiologic "study designs," this process is not able to account for confounding (e.g., by multiple immunizations) at the individual case level. Inherent uncertainty remains in the causal inferences determined by the group deliberations.
VAERS reports, which served as the basis for case finding, are inherently limited and may contain inaccuracies. For this process, these limitations of reviewed cases were largely overcome by accessing the full medical records. However, compliance with follow-up requests for additional data on cases reported to VAERS cannot be mandated, limiting the ability to assess for accuracy or completeness of information contained in the reports.
Our use of references to "biological plausibility," a term borrowed from processes used by the IOM in earlier vaccine safety reviews, resulted in some unintended confusion in interpretation. Statements in this report that the association of a given outcome with smallpox vaccination might be biologically plausible were not intended to convey a determination that the vaccine was likely to have caused the outcome. Rather, such statements acknowledged that hypotheses existed that could plausibly link biological aspects of the vaccination or the host response to the clinical outcome. In each instance in which the phrase "biological plausibility" was used in this review, connections between the hypothesized biological pathways and the clinical outcome have not been demonstrated by experimental or laboratory evidence and remain hypothetical. The IOM has since chosen to refer to "biological mechanisms" rather than "biological plausibility," to avoid similar confusion in subsequent reports, and subgroup C also adopted this phrase in an attempt to more clearly communicate intent.
Lastly, this Sentinel Review Process was deliberately designed to meet the specific review needs presented to the DoD, CDC, and the ACIP-AFEB joint SVS WG at the time of this review and may not be generalizable.
There is an ongoing need for case-based assessment methods, because very rare adverse events are technically and logistically difficult to study epidemiologically. General guidance for caselevel assessment would fill a key unmet vaccine safety need. Development of such guidelines is currently being supported by the CDC through the Clinical Immunization Safety Assessment Network [55] . This Sentinel Review process may provide a model for other attempts at case-based safety assessments tailored to address situation-specific needs.
